D-A239 372
A A
22nd Annual Precise
Time and Time Interval
(PTTI) Applications
and Planning Meeting

NASA Conference Publication 3116

TR RERE D

Il 8 1 H
PR I

S | ?"f,‘”‘;r - Ty
3 ‘. e R . .
e, AUGD G 1991 .
g o
[f’-ﬁff‘ v 4
e g
ES

Proceedings of a meeting held at
the Sheraton Premiere Hotel
Vienna, Virginia

December 4-6, 1990

T

91-07184 ~——
IR o1 8 07 054




NASA Conference Publication 3116

22nd Annual Precise
Time and Time Interval
(PTTI) Applications
and Planning Meeting

T e

i

RN

Richard L. Sydnor

Editorial Committee Chairman
Jet Propulsion Laboratory
Pasadena, California

Proceedings of a meeting sponsored by
the U.S. Naval Observatory, the NASA Goddard
Space Flight Center, the Space and Naval Warfare
Systems Command, the Naval Research Laboratory,
the National Institute of Standards and Technology.
g the Army Electronics Technology and Devices
o Laboratory, the Rome Air Development Center, and
3 the USAF Space Command and held at
the Sheraton Premicre Hotel
4 Vienna, Virginia
December 4-6, 1990

NNASA

National Aeronautics and
Space Administration

Office of Management

Scientific and Technical
Information Division

1901




PRECISE TIME AND TIME INTERVAL (PTTI)
APPLICATIONS AND PLANNING MEETING

ORDER FORM FOR THE PROCEEDINGS

Year Cost Available Unavailable
1 1969 X
2 1970 $25.00 X
3 5 971 $25.00 X
E 4 1972 $25.00 X
5 1973 $25.00 X
6 1974 $25.00 X
7 1975 $25.00 X
8 1976 X
9 1977 X
10 1978 $25.00 X
1 1979 $25.00 X
12 1980 $25.00 X
13 1981 $25.00 X
14 1982 $25.00 X
7 15 1983 $25.00 X
3 16 1984 $25.00 X
17 1985 $25.00 X
18 1986 $20.00 X
19 1937 $25.00 X
20 1988 $35.00 X
21 1989 $65.00 X
22 1990 $70.00 X

Please circle copy(ies) requested and make the check payable to “Treasurer, PTTI". Please do not
add personal names or addresses to the pay line on the check. We cannot accept invoices. Please
return the check and the Order Form to:

Mrs. Sheila I'aulkner
3 Chairman, PTTI Executive Committee
U. S. Naval Observatory
Time Service Department
34th and Massachusetis Avenue, NW
Washington, DC 20392-3100
(202) 653-1460

s It is with great regret that we must announce we can no longer absorb the cost of air mailing to
international addresses; therefore, the Proceedings will be shipped by Surface Mail. However,
A if you wish to pay the air mail postage, we will notify you of the cost before mailing. For example,
Air Mail to Europe is currently estimated at $27.90 for the first 5 pounds. Each additional pound
is $4.00.

G When you register for the PTTI Meeting or order the Proceedings, your name is added to the
Mailing list to automatically receive future meeting information.

4 ifii




et AU Tk T

AR B

e
Gl gl

EXECUTIVE COMMITTEE

Sheila C. Faulkner, Chairman
U.S. Naval Observatory

David W. Allan
National Institute of Standards and Technology

Paul Bergschneider
Space and Naval Warfare Systems Command

James A. Buisson
U.S. Naval Research Laboratory

Morton A. Dubinsky
Space and Navai Warfare Systems Command

Hugh S. Fosque
NASA Ieadquarters

Raymend Granata
NASA Goddard Space Flight Center

Dr. William J. Klepczynski
U.S Naval Observatory

Dr. Arthur C. McCoubrey

National Institute of Standards and Technology

Dr. John R. Vig

Army Electronics Technology and Devices Laboratory

Dr. H. Best Wackernagel
USAFT Space Command

Dr. Joseph D. White

U.S. Naval Research Laboratory

Dr. Gernot M.R. Winkler
U.S. Naval Observatory

Dr. Nicholas F. Yannoni

iii i p\*

. heouaiicn zor i
M . . - S
. By, =4 )
T » [hA
) L
:‘v’b
o

Rome Air Development Center i
Ms. Nicolette Jardine ;
U.S. Naval Observatory




OFFICERS

GENERAL CHAIRMAN
PAUL F. KUHNLE

Jet Propulsion Laboratory

TECHNICAL PROGRAM COMMITTEE
CHAIRMAN
DR. MARTIN LEVINE

Timing Decisions, Incorporated

ASSISTANT TECHNICAL PROGRAM
COMMITTEE CHAIRMAN
S. CLARK WARDRIP

Bendix Field Engineering Corporation

EDITORIAL COMMITTEE CHAIRMAN
DR. RICHARD L. SYDNOR

Jet Propulsion Laboratory

EDITORIAL COMMITTEE MEMBERS

T. Tucker Dr. M. Calhoun
Jet Propulsion Laboratory Jet Propulsion Laboratory
California Institute of Technology California Institute of Technology
P. Clements Dr. G. J. Dick
Jet Propulsion Laboratory Jet Propulsion Laboratory
California Institute of Technology California Institute of Technology

Special Editor for the Hydrogen Maser Workshop
Dr. Derek Morris
National Research Council
Ottowa, Ontario, Canada

PUBLICITY COMMITTEE CHAIRMAN
FRANCIS MULLEN

Frequency and Time Systems, Incorporated
v L

TECHNICAL ASSISTANCE
PAUL KUSHMEIDER

Bendix Field Engineering Corporation

v




SESSION CHAIRMEN

SESSION I

Dr. G. John Dick
Jet Propulsion Laboratory

SESSION 11
Dr. Giovanni Busca
Observatoire Cantonal de Neuchatel

SESSION IITA
Phillip Talley

The Aerospace Corporation

SESSION IIIB

Dr. Jacques Vanier,
National Research Council

SESSION IV

Debra Coleman
Bonneville Power Administration

SESSION V

Dr. Helmut Hellwig
U.S. Air Force/Office of Scientific Research

SESSION VI

Francoise S. Baumont
Observatoire de la Cote D’azur

SESSION VII

Dr. Gernot M.R, Winkler
U.S. Naval Observatory




ARRANGEMENTS
Sheila C. Faulkner

Paul F. Kuhnle
Paul J. Kushmeider

FINANCE COMMITTEE

Dr. William J. Klepczynski
Sheila C. Faulkner

RECEPTIONISTS

The receptionists at the 22nd Annual PTTI meeting were:

Brenda Hicks (U.S. Naval Observatory)
Nicolette Jardine (U.S. Naval Observatory)
Marilyn Levine (Timing Decisions, Incorporated)
Jennifer Stone (Brightline Corporation)
Shirley Swann (Naval Research Laboratory)
Betty Wardrip (Bendix Field Engineering Corporation)
Frances Wright (Naval Research Laboratory)

vi




BT R R

PTTI ADVISORY BOARD COMMITTEES

OFFICE

Chairman
Vice Chairman

Finance Committee

Exh:ibits Committee

Guest Speaker Committee

Reports Committee

1991

MNAME

Mr. S. Clark Wardrip
Mr. Martin B. Bloch

Mr. Martin B. Bloch, Chairman
Mr. S. Clark Wardrip

Mr. James L. Wright

Mr. Gary Smith

Mr. Frances Mullen, Chairman
Mr. Gary L. Geil

Mr. Roger J. Hesse

Dr. Martin W. Levine

Mr. Jack McNabb

Mr. Don Mitchell

Mr. William J. Riley

Mr. Ron Roloff

Mr. Michael R. Tope

Dr. Robert E C. Vessot

Mr. Robert H. Kern, Chairman
Professor Carroll O. Alley

Dr. Leonard S. Cutler
Professor Bradford Parkinson
Dr. Victor S. Reinhardt

Dr. Samuel R. Stein

Dr. Richard L. Sydnor

Mr. Terry N. Osterdock, Chairman

Mr. James M. Cloeren
Mr. Paul E Kuhnle

Mr. Paul J. Kushmeider
Professor Harry Robinson
Mr. Philip E. Talley

ORGANIZATION

BFEC
FEI

FEI
BFEC
CSC/RC
KODE

FTS

DATUM

DATUM

Timing Decisions
TRAK

Austron/FTS

EG&G

Austron
Kinemetrics/Truetime
SAO

KERNCO
University of MD
HP

Stanford University
Hughes

Timing Solutions
JPL

SNI

APL

JPL

BFEC

Duke University
Aerospace

NOTE: NON-GOVERNMENT OFFICERS OF THE PTTI ARE AUTOMATICALLY
MEMBERS OF THE PTTI ADVISORY BOARD FOR THE YEAR(S) THAT
THEY ARE IN OFFICE.




i

1991 ADVISORY BOARD MEMBERSHIP
Mr. S. Clark Wardrip, Chairman

Bendix Field Engineering Corporation

Professor Carroll O. Alley

University of Maryland

Department of Physics and Astronomy
College Park, Maryland 20742

(301) 454-3405

Dr. James A. Barnes
Austron, Inc.

3300 Mitchell Lane
Boulder, Colorado 80301
(303) 440-7282

Mr. Martin B. Bloch

Frequency Electronics, Inc.

55 Charles Lindbergh Boulevard
Uniondale, New York 11553
(516) 794-4500

Mr. James M. Cloeren
Johns Hopkins University
Applied Physics Laboratory
Johns Hopkins Road
Laurel, Maryland 20707
(301) 953-8821

Dr. Leonard S. Cuiler
Hewlett-Packard Company
1651 Page Mill Road

Palo Alto, California 94304
(415) 857-5259

Dr. Henry E Fliegel

The Aerospace Corporation
Building 120, M5/685

2350E E! Segundo Boulevard

El Segundo, California 90245-4691
(213) 336-1710

Mr. Gary L. Geil

DATUM

1363 South State College Boulevard
Anaheim, California 92806

(714) 533-6333

X

Mr. Roger J. Hesse

DATUM

1363 South State College Boulevard
Anaheim, California 92806

(714) 533-6333

Mr. Robert H. Kern

Kernco, Inc.

28 Harbor Street

Danvers, Massachusetts 01923-0678
(508) 777-1956

Mr. Paul E Kuhnle
Jet Propulsion Laberatory
4800 Oak Grove Drive

- M/S 298

Pasadena, California 90803
(818) 354-2715

Mr. Paul J. Kushmeider

Bendix Field Engineering Corporation
One Bendix Road

Columbia, Maryland 21045

(301) 964-7672

Dr. Martin W. Levine

Timing Decisions, Inc.

P. O.Box 1513

Manchester, Massachusetts 01944
(508) 526-4218

Mr. Jack McNabb

TRAK Microwave

4726 Eisenhower Boulevard
Tampa, Florida 33614-6391
(813) 884-1411

Mr. Donald Mitchell
Austron, Inc.

P. O. Box 14766

Austin, Texas 78761-4766
(512) 251-2313




Mr. Frances Mullen

Frequency and Time Systems, Inc.
34 Tozer Road

Beverly, Massachusetts 01915
(508) 927-8220

Mr. Terry N. Osterdock
Stellar Navigation, Inc.
19075 Skyline Boulevard
Los Gatos, California 95030
(408) 354-0733

Professor Bradford W, Parkinson
Stanford University

Hamsen Labs, Via Palou
Stanford, California 94305-4085
(408) 395-6521

Dr. Victor S. Reinhardt
Hughes Aircraft

Space and Communications
S12/wW322, P. O. Box 92919
Los Angeles, California 90009
(213) 416-0160

Mr. William J. Riley
EG&G, Inc.

35 Congress Street

Salem, Massachusetts 01970
(508) 745-3200

Professor Harry Robinson

Duke University

Department of Physics

Durham, North Carolina 27706
(919) 684-8226

Mr. Ron C. Roloff

FTS/Austron (DATUM Companies)
1930 Isaac Newton Square

Suite 111

Reston, Virginia 22090

(703) 689-4648

Mr. Gary Smith

KODE

1515 South Manchester Avenue
Anaheim, California 92802-2907
(714) 758-0400

Dr. Samuel R. Stein

Timing Solutions Corporation
555 Jack Pine Court

Boulder. Colorado 80304-1711
(303) 443-5152

Dr. Richard L. Sydnor

Jet Propulsion Laboratory
4800 Oak Grove Drive
M/S 298

Pasadena, California 91109
{818) 354-2763

Mr. Philip E. Talley

The Aerospace Corporation
Building 120, M5-686

2350 East El Segundo Boulevard
El Segundo, California 90245-4619
(213) 336-0484

Mr. Michael R. Tope
Kinemetrics/Truetime

3243 Santa Rosa Avenue
Santa Rosa, Caiifornia 95407
(707) 528-1230

Dr. Robert E C. Vessot

Smithsonian Astrophysical Observatory
60 Garden Street

Cambridge, Massachusetts 01945
(617) 495-7272

Mr. S. Clark Wardrip

Bendix Field Engineering Corporation
P. O. Box 6147

Vandenberg Air Force Base,
California 93437

(805) 865-3214

Mr. James L. Wright

P. O. Box 4127, CSR 2230

Eastern Test Range

Patrick Air Force Base, Florida 32925
(407) 494-2014




FOREWORD

These Proceedings contain the papers presented at the Twenty Secoond Annual Precision
Time and Time Interval Applications and Planning Meeting. The meeting was held at
the Sheraton Premiere in Tysons Corner, Virginia this year. A good attendance at the
mecetings and the banquet was an indication of the continuing interest in the field. We had
a number of invited papers, some of which are included in this proceedings. A few papers
are missing because they were not received in time for publication or were withdrawn from

publication by sponsors. The question and answer periods following each talk are included
as usual.

This is the second year that we have had a Poster Session. Acceptance of this session was
uniformly positive, both by attendees and by presenters. The advantage of this session is
the one-on-one interaction between the presenter and the attendee.

The Hydrogen Maser Workshop, organized by Jacques Vanier, and the Environmental
Effects Session, organized by Helmut Hellwig, were outstanding successes due to the efforts
of these two gentlemen and to the interest in these aspects of the field.

There were 251 registered attendees, very high for an East Coast meeting.

The objective of these meetings is to provide an opportunity for program planners to meet
those who are engaged in research and development and to keep abreast of the state-
of-the-art and latest technological developments. At the same time, they provide an
opportunity for engineers to meet program planners.

The success of these meetings depends on the efforts of the Program Chairman and the
individual Session Chairmen and the organization of the entire meeting by the Chairman

of the Executive Committece. Without their unstinting labor, such meetings could not be
held.

xi/xii
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KEYNOTE ADDRESS

THE PAST, PRESENT AND FUTURE OF ATOMIC
TIME

Norman F. Ramsey
Harvard University
Cambridge, MA 02138, USA

Abstract

The early history of atomic time and frequency standards is reviewed, The most accurate and stable
present standards are described. Prospective future improvements are discussed, particularly those with lascr
cooling and with trapped ions and afoms.

(\\§ THE PAST

The first successful magnetic resonance experjments were those of Rabi and his associates!? with
molecular beams in 1938. The initial experiments measured the interactions of nuclear magnetic
moments with external magnetic fields, 29 fad;ofreq;x?i{cy' spectra were soon observed that depended
on internal interactions within molécule§? or.atoms3. Some of the radiofrequency spectra lines weic
almost independent of external conditions® and could therefore be used as the highly stable periodic
component of an atomic clock®7. Raki, Zacharias.and. Ramsey-at Columbia discussed the pussibility
of atomic clocks at Columbia as early as 1939 and Rabi discussed these ideas publicly in his 1943
Richtmeyer1écture to the American Physical Society; the first published descripiion of atomic clochs
was the New York Times article based on this lecture.

Tn 1949 Ramsey®? invented the separated oscillatory field method which provided narrower resunances,
eliminated first order Doppler shifts and was useable at much higher frequencies. In 1952 Kusch, Lyous
Sherwood and others!® did some initial work on a separated oscillatory field atomic cesium dock, but
the work was soon discontinued. In 1954 Zacharias!! stimulated renewed interest in an atomic cesiuni
clock and began'? the development of a commercial atomic cesium clock. The first atomic beam
apparatus extensively used as an actual frequency standard was constructed in 1955 by Essen aud
Parry'®. From 1956 on atomic frequency standards developed rapidly with major contributions coming
from a number of laboratories in many different countries” !4, Stabilities and accuiacies of about 107"
have been achieved with atomic cesium clocks!? and the second, by international agreement, has been
defined as the duration of 9,192,631,770 cesium periods.

Concnrrent with the advances in atomic beam clocks, a number other atomic and molecular cluocks weie
developed’. Microwave absorption devices using molecular resonances, such such as the N1z inversion
transition, were developed by Townes and others”. Later Townes'® discovered the maser principle and
developed the ammonia maser which operated well but lacked the stability to be competitive.

The combination of Kastler’s optical pumping technique!® with Diche’s use of buffer gases!™ provided
strong oscillations free from first order Doppler effects, so optically putuped 1ubidium can be used as




a frequency standard. Although other atomic clocks have greater accuracy and stability, rubidium
clocks are frequently used since they are much lighter and less expensive.

The atomic hydrogen maser was invented by Kleppner and Ramsey'® and a aumber of scientists’
contributed to its improvement. In the hydrogen maser, atoms in the higher Ly perfine state of atomic
hydrogen are stored in a teflon coated bottle inside a tuned microwave cavity where by stimulated
emission they emit coherent highly stable microwave radiation. The stability of a hy drogen maser can
be better than 10~° over several hours.

Townes and Schawlow!? first pointed out the possibility of applying the maser piinciples at infiated aud
light frequencies and the first successful laser was made by Maiman?®®. Since then laser developments
have occurred at a rapid pace with dramatic improvements in frequency range, power and stability.
Major advances came from the suppression of first order Doppler shifts by such techniques as two
photon absorption spectroscopy” and from the development of successive chains of laser frequencies
so that the laser frequencies could be calibrated in terms of cesium.

In recent years a number of major new techniques for trapping and cooling ions have been developed
including cooling by collisions with inert gases such as e, laser covling and sympathetic couling.
Likewise techniques for trapping and ouling neutral atoms have developed at a 1apid pace including
slowing of atoms with a laser beam, lascr trapping of atoms, laser cooling and optical molasses. Since
most of these developinents hold great promise for the future but are not yet incorporated into cunient
clocks, they will be discussed later in the section on the future.

THE PRESENT

\j)‘ At present different atomic clocks can be chosen to fit the need. When hig: stability is not required,
optically pumped rubidium cells can be chosen for their low cost, small s..e and light weight; such
cells are stable to 107! over a one month period and more stable for shorv-r periods. When greates
accuracy and stability is required, cesium beam tubes are usually used; th:y are accusate to better
than 10:3 over extended time periods. Tor the highest stability requirements, as in long bascline
radio astronomy and navigation in outer space, hydrogen i:asers are often required; they are stable
to better than 10713 over several hours. When optical frequencies necc to be measured lasers must

be used even though they are not yet absolute standards.
i

THE FUTURE

Niels Bohr once said, “It is always difficult to make predictions, esvedially predictions about the fu-
ture”. Long range predictions in a rapidiy developing field like that of . vate tyning are particulaily
unreliable because unanticipated new ideas usually occur and greatly chang, nve «. Shoit term
predictions are usualiy much better because they depend mostly on developu...is that have already
partially occurred. I shall devote most of this section to describing current plans and recent research
developments which have particularly promising implications for Jhie future ..ud which are the essential
ingredients to rational predictions of both the near and Jistant futures.

Many improvements are being developed or are in prospect for the atomic docks currently used. T'ui
example, the siniple and low cost optically pumped atomic escillators are being improved by the use of
different atoms, by suitable wall coatings which permit the omission of buffer gases” and by combiniug,
optical pumping techniques with those of atom trapping and cooling,.

S




A: number-of improvements.can be made on the next generation of accurate atomic beam frequency
standards?'=?4, Instead of state selection by deflection with inhou.. sgeacous magnetic fields, the atoms
may:be optically pumped to the desired state. The ends of the separated oscillatory fields cavities can
‘be-designed-to minimize distributed cavity phase shift?® and an axial magnetic field may be chosen
to-minimize Rabi and Ramsey pulling?®. Beam reversal can be w.ud to evaluate any remaining phase
shift-between the two oscillatory ficlds and the excitation can be w.ul counter- propagating waves?! —21,
Although cesium is the atom currently most frequently used in atomic beam frequency standards, othcs
atoms such as Mg -are being investigated. Higher excited states may nlso be used to obtain atomic

beam frequency standards at higher frequencies. The atoms in an atomi . m 1.3, be laser cooled to
reduce the second order Doppler shift. Many of the laser cooling and ..., vxperiments discussed
‘below are combined laser and atomic beam experiments. Unc.rtal: 2 L. second order Doppler
shift can also be reduced by velocity selection of the beam, but ... ©° ¢» . serious reduction in

beam intensity.

Many atomic clocks, such as cesium beam tubes, have much better lon , terin accuracy than short
term stability ir. xhich case the shorter term stability of the clock can i+ .1y imoroved by suitably
coupling it to a fl; wheel oscillator with high short term stability. Crys’ ators, for example, can
be used for the fly wheel oscillator. Very high Q cavities are good for this , ir,.0s¢ and superconducting
e.vities are particularly promising since they are highly stable. Circuits wi.h either optical or electrical
fadback from a high Q cavity markedly diminish the noise and increase the short term stability.
Consideration is even given to the possibility of using a hydrogen maser as a Ly wheel oscillator.

Possible improvuinz..s for the hydrogen maser?® incdlude more stable tuned cavities, electi onic eavity
tuning, operation at low temperatures, operation in a passive mode and 1.ew confinemeut surfaces,
such as superflud “He or Fomblin oil. Superfluid helium surfaces have the advantage tiat they are
reproducible since tie superfluid helium covers all impurities and does not change its character sith
time.

Infra-:ed and optical frequency standards can be improved by the use of narrower li.es, by the
adaptation to optical frequencies of the separated oscillatory field methods, vy improved f{requency
chains to compare different frequency standards and by “., various ion and atom trapping and cooling
techniques discussed below.

Delimelt?6%7 first used electromagnetic ion traps in radiofrequency resonance studies. Penning traps
overcome the limitations of the Earnshaw theorem by confining the ions in one direction with an
inhomogeneous electric field and in the two other orthogonal directions with a uniform magnetic field.
Alternatively, suitable inhomogeneous electric fields can provide focussing in all three directions in
Paul or radiofrequency traps which alternately provide focussing and defocussing in each direction
but with an average focussing in all directions. Jon traps have the advantage that the ob.erved
transition frequencies are approximately independent of the trapping fields. Originally the trapped
ions had high kinetic energy (approximately 1 eV) and excessively ligh second order Doppler shifts.
Ilowever, Prestage, Dick and Maleki?® have used a hybrid rf/dc lincar ion trap which permits storage
of large numbers of ions with reduced susceptibility to the second order Doppler effect caused by the rf
confining fields. Alternatively, Cutler®®, Dehmelt® and others*”?! have obtained promising frequency
standards by cooling trapped °'Ilg ions to 300K by collisions with low pressure helium gas.

Laser cooling, as proposed by Wincland and Dchmelt?”2 aid by Hansch and Schawlow™?, can go to
even much lower temperatures by shining intense lascr light at the frequency of an allowed optical
transition onto a trapped atom or ion slightly below the resonance frequency so the light pressure
by the first order Doppler shift is greatest on the ion when it is approaching the light. Dehmelt™




